The paper addresses a literature review of the technologies used in the transmission of measuring and logging data during well drilling. It presents a discussion about efficiency in data density transmission and reliability, especially when it comes to software and automated tools. Initially, this paper analyzes the principle of the telemetry systems, considering the mud pulse telemetry, acoustic telemetry, electromagnetic telemetry and wired drill pipe telemetry. They were detailed highlighting information about functionality, data transmission and its linkage to supporting software. Focus is also given to details of the main advantages and disadvantages of each technology considering the influences of lithology, drilling fluid and formation fluids in the reliability and capacity of data transmission.
which communication and right information transmission through a chain implies a very important role, one can consider that the probability of encountering petroleum accumulations are around 30% in general. For the development of an entire field, 10% -20% of the cost can be related to the exploration phase, 50% to the development phase and the remaining 30% -40% to the production phase and related logistics. And from this exploratory phase, 40% -80% is specifically related to the drilling (4% -16% of the total field cost). Thus, this summarized figures point out how the exploratory drilling activity itself may have an economical impact in the overall operation, making it necessary to have an "eye" down-hole in order to accurately drive and control operation away from unforeseen events. Moreover, as one of the universal using methods for transmitting information from down-hole to the surface, the different telemetry systems have allowed the industry to overcome these obstacles [1] [2] .
In this sense, this paper will initially verify and analyze the principle of the telemetry systems, considering the mud pulse telemetry, acoustic telemetry, electromagnetic telemetry and wired drill pipe telemetry. They were detailed in a sense to point out the idea behind each one of them, highlighting information about functionality, data transmission and its linkage to supporting software.
Further, technical articles were collected in order to have a better approach about the theory and practical applicability in the industry, accomplished by researching directly with the equipment manufacturers such as Schlumberger, Halliburton, Baker Hughes and National Oilwell Varco (NOV). The paper details the information and processes with focus on the following aspects: data transmission capacity, transmission speed, signal attenuation factors, reliability and applicability-defining at the end the best technology that may be applied for ultra-deep related operations.
Technology System Analysis

Electromagnetic Telemetry
The geological formations are typically not homogeneous and quite different. Each formation has unique properties that affects the transmission of electrical signals and which varies with the depth, spacing, and sequence of different types of geological layers, among others. The electrical properties of the drill-string also dynamically vary with length, constitution of the drilling fluid and temperature.
In this context, the electromagnetic telemetry adapts to the electrical environment encountered in the well by means of a microprocessor in a monitoring tool, which continuously scans the frequency spectrum with electromagnetic signals to determine the optimum frequency for data transmission between the tools and processing units (computers) on the surface. This transmission can be achieved by both through the drill-string body or through the formation being drilled. Figure 1 shows a general electromagnetic telemetry system. By determining the relative attenuation of the transmitted signal, the operator at the surface can send a command back to the tool (or vice-versa) to replace the frequency of the carrier wave with one that may suffer less attenuation and which may have a better signal to noise ratio. For example, highly resistive formations below the drill-string cannot function as ground and the drill-string itself must then be treated as a vertical dipole. In this case, the most effective frequency for the carrier wave would be one resonant with the drill-string, identified by the tool as the one drawing maximum input current. The most frequently used optimal selection technique is one in which the receiver periodically sends recognition signals to the transmitter, so that when this signal is not captured by the same transmitter, it changes the carrier wave frequency gradually decreasing it until it returns capturing the recognition signals from the receptor. However, by lowering the frequency of the carrier wave, the amount of transmitted data is consequently diminished. In this case the tool in the well has to be programmed to transmit only the most critical information relevant to the operation [4] .
The first papers on electromagnetic telemetry were quite promising, claiming that rates of up to 100 bits per second (bps) could be achieved with the use of signal repeaters. However, the development of mud pulse telemetry in parallel on the market brought more efficient results, with higher data transmission rates reaching greater depths, without the needs of repeaters usage. The huge attenuation suffered by the electromagnetic signals, caused by the formation properties, drilling mud and surface conditions led to a decline of this technology. Another aspect restricting this technology is the water. Due to its high electrical conductivity, it limits the use of electromagnetic telemetry in offshore operations with large water depths, making it to be relegated just to the oil & gas (O&G) market onshore and for shallow depths, considering the low transmission rates (SCHNITGER, 2009). On the other hand, in activities where usual drilling mud may not be used, alternatives are to use aerated Figure 1 . Electromagnetic telemetry system [3] . fluid or foams. In these specific cases, it is preferable to have electromagnetic since it allows a better transmission rate in comparison to mud pulses, but even, it is limited to approximately 9000 [ft.] depth.
Acoustic Telemetry
The acoustic telemetry system is operated with batteries and is distinguished from other systems since it works by generating acoustic waves capable of transmitting real-time data to the surface through the walls of pipes at distances up to 12,000 [ft.]. A variety of data can be acquired and transmitted: pressure, temperature, time, command and information about the system status. This telemetry system is used mainly in exploratory wells and also for well-testing operations. Meters equipped with quartz crystal sensors located just above the tester valve generate accurate signals of temperature and pressure in the deep end, being stored in recording memory or directly transmitted to the surface. Each quartz sensor is able to store up to 440,000 readings in its memory, and the entire system is capable of storing more than 1.3 million scans, allowing great flexibility.
In real-time, the transmitter sends packets of data with all information acquired in every two minutes directly to the next repeater. A packet is a group 12 acoustically transmitted data sets, each set containing pressure information, temperature and time for sample intervals of 10 seconds. The repeater then forwards the packet to the surface to be decoded. The system is able to communicate in both directions, allowing the operator to send additional commands on the surface below to the system, for example, if any changes have to be done. Figure 2 exemplifies the acoustic telemetry system.
In wells deeper than 12,000 [ft], more repeaters are necessary but is not as straight forward as it looks like due to the "cross talk" problem (unwanted interference of a transmission channel to another). Moreover, in such environment the great difficulty lies in transmitting the acoustic signals to the surface through the docking column, which due to its size and components can cause large attenuation. Therefore, the acoustic signal is brought up to the sub transducer surface, and from there converted into an electrical signal and transmitted through a twisted pair cable to the surface. In 2011, XACT Downhole Telemetry Inc. published a study on its acoustic telemetry module capable of transmitting data to a 20 [bps] rate in wells up to 2500 [m] [7] .
Mud Pulse Telemetry
This technology employs a module that modulates resistance to the flow of the drilling fluid through the inside of the drill-string, generating an increase and decrease of the stand-pipe pressure and so the mud pressure pulses representative of the parameters measured by the logging tools and that is propagated, approximately, at the speed of sound to surface. Transducers located on the surface detect and convert the pressure signal into a digital electrical signal through analog/digital (A/D) converters. This signal is then sent to a computer that will process and decode the signal received through specific and developed software to recognize and treat these signals [8] [9] .
In an ideal system, each pressure pulse created by the module would spread column up and would be easily Figure 2 . Flow-chart of a acoust telemetry system operation [6] .
detected by transducers, but, however, the pressure of the drilling fluid undergoes significant fluctuations and containing noises from various sources such as the drill noise, noise from the torque and from the mud pumps itself, etc. The drill noise is caused by its vibration during the drilling operation, which partially restricts the output of drilling fluid causing a high-frequency noise. Torque noise is caused by the increase in drill string torque when the drill is in contact with the formation; after contact, the torque in the column is relieved generating a peak of large amplitude and low frequency pressure. Finally, mud pump noises are due to the cyclical piston movement for displacing mud into the circulating system. Some drilling systems use a buffer on the surface to reduce noise caused by the mud pump, but the pulsation dampener can also be adjusted for that. However, while they absorb some of the pressure fluctuations, they also act as a mirror, reflecting pressure pulses back to the telemetry module, sometimes destructively, creating interference and hindering or making the detection of pulses by the transducer in surface more difficult. A basic telemetry module contains two sections: one for communication and other for control of the generated pulses. The various logging tools send their data to the digital signal processor (DSP) located in the communication section. The processor operates according to software stored in memory in order to convert the data as a digital signal. A compression module reduces the amount of data transmitted over techniques involving the removal of certain data. It is also used differential encoding which allows a data string to be represented with fewer or less bits than usual (Emmerich, 2015) .
The multiplexing module selects the data of the different tools and assembles a single chain of data being transmitted, divided into blocks that can contain information about synchronization and error correction. A coding module then converts the digital signal channels to be transmitted on a set of timings that are communicated to the pulse control section for generating them. The pulse control section consists of a processor, memory, an opening coil, closing coil, two banks of capacitors and battery. The control pulses operate a valve through the opening and closing coils generating the pressure pulses. The coils drain relatively high amounts of current in operation, in some cases more than the battery can deliver. Its power though must be within the operating capacity of the battery. To solve the problem of the current supply, each reel is associated with a capacitor bank. The battery charges the capacitors between the operations of the reels, and when the processor activates the reels they unload supplying current making the valve operation possible [8] [9] .
The valve that creates pressure pulses can have different shapes and constructions, being classified among different types in terms of operating system. The three most common used types are: positive pulse (Figure 3(a) ), negative pulse (Figure 3(b) ) and continuous pulse (Figure 3(c) ). Any one of three types can be used provided that the valve can produce variations quickly enough (in the order of [ms] ). The duration of the pulses may vary from 80 [ms] until approximately 400 [ms], depending on the drilling system parameters (Honório, 2007) . In the positive pulse, the equipment creates a restriction in which the stand-pipe pressure increases. In the negative one, the equipment allows part of the flow to leak to the annulus, creating a pressure decrease. Finally, in the continuous one, there is a modulator and a stator creating restrictions and reliefs continuously.
Technological Advances
In 2008, Baker Hughes INTEQ published an article [10] suggesting major changes in conventional mud pulse telemetry systems. These changes included the use of an oscillating shear valve rather than rotational, capable of generating pressure pulses at the appropriate frequency for the well conditions and the use of two pressure transducers on the surface, rather than just one. The movement of this new valve had considerable impact on signal quality sent from down-hole, to the extent that it eliminates the time necessary to accelerate/decelerate the rotational valve during a frequency change for generating the bits, having the frequency exchanged instantaneously. This is a considerable advantage, since the whole bandwidth could be used for data transmission. Figure 4 illustrates this improvement.
Another important change was the use of calibration routines which were capable of monitoring the well conditions and automatically updating the data processing algorithm according to the current condition, improving process efficiency. These changes were tested in several critical wells around the world achieving an increase in data transfer-rate of approximately 200% with a 40 [bps] rate deep up to 24,000 [ft.].
In 2009, Schlumberger launched the Orion II [11] telemetry platform in order to increase the information transmission rate within the same [bps] by means of a compression algorithm. Modulation techniques are also used so that the signals are able to have greater range. Rather than just compressing the individual pieces of well profiles, Orion II compression system compresses all the signal profile, ensuring optimal compression ratio without compromising the quality of the recorded data. From the normal transmission rate of 12 [bps], this technology allows an equivalent transmission of 120 [bps].
Wired-Drill-Pipe Telemetry
This technology uses individually modified drill-pipes to provide a two-way telemetry system for real-time transmission, speeding up to 57,000 [bps], making possible to obtain large amounts of data from down-hole (Bybee, 2008) . The technology uses high strength coaxial cables and low-loss inductive coils built in connections on each tubular joint to transmit information. Signal repeaters are placed at specific locations along the drill-string to ensure an acceptable signal to noise ratio. These repeaters operate as individually accessible nodes within the telemetry network, and thus, being able to identify sites that can provide potentially valuable measuring data. Figure 5 shows a schematic of the mentioned wired drill pipe, focusing on its threads.
A bi-directional network architecture, which is this specific case, allows the transmission of downhole data to the surface at high speed while commands can still be sent from the surface to the equipment itself. By inserting a physical and electrical interface, existing logging-while-drilling (LWD) and measuring-while-drilling (MWD) tools become fully compatible. Although there are small variations between tools from each manufacturer, the interfaces are generally consistent in the industry: it involves a network inductive connection at the top, a suitable electromechanical coupling on the bottom, a network card, modem and a power source. 
Cross-Analysis and Discussion
For each technology, from different manufacturers data were obtained, as well as case studies, and recent articles that could be representative of what's latest in a given technology were also combined resulting in a critical understanding. The electromagnetic telemetry is represented by Halliburton's system-Sperry Drilling's EMT [13] ; the acoustic telemetry by Acoustic Telemetry System (ATS) from Halliburton [5] ; the mud pulses telemetry by the TeleSCOPE system integrated with Orion II platform [11] , both from Schlumberger; and finally, the wired-drill-pipe telemetry represented by IntelliServ Network system [14] from National Oilwell Varco. Table 1 compares the telemetry systems in means of transmission rate, maximum reached depth, amount of data transmitted and technology cost.
Analyzing Table 1 , it can be noticed that for ultra-deep wells with depths greater than 6000 [m], the electromagnetic and acoustic telemetry technologies are not applicable due to the depth restriction caused by the large attenuation of the signal in these conditions. Even by using signal repeaters, these technologies would be limited by 18,000 [ft.].
However, mud pulses telemetry and wired-drill-pipes follow technologically, advancing and increasingly hitting depth records with very efficient transmission rates. It is remarkable the huge difference between the ability to transmit data of these technologies, but this difference is mitigated by the high cost of wired-drill-pipes. Due to the fact that the cost of this system is directly proportional to the depth of the well, its application should be restricted to high-valuable wells with return already guaranteed, which is not the case of exploratory wells. Thus, some attention is driven to the telemetry system based in mud pulses as the most feasible one in general, enabling acquisition of essential information with reasonable transmission rates.
Conclusions
The drilling activities in ultra-deep require profiling data telemetry technology that is both efficient and inexpensive, whereas in exploratory wells, field's production potential may not yet be determined in its totality. It is important to note that telemetry technology for wired-drill-pipe despite being extremely efficient from a technical point of view, has a high cost of installation and maintenance. Currently, mainly due to the oil market crisis, a consequence of the oil price droopiness, it is extremely important to cut spending. In this sense, telemetry technology through drilling mud pulses is still the leader due to the low-cost implicit in this technology, with well depths reaching above than others. By reinventing itself in the recent decades, it is now able to achieve high transmission rates with higher data density. The idea is then to develop new data compression algorithms and processing and signal modulation techniques allowing a way ahead for greater depth, enabling an efficient profiling with high cost effectiveness.
Nevertheless, despite of all this fact, it is very important to mention that the unit processing still has to be developed in parallel in order to be able to process all these data in a timely manner, allowing real-time decision making, either directly in the field or even remotely.
